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Abstract 
To analyze the behavior of molybdenum powders during hot isostatic pressing (HIP) at sintering temperatures, microscopic 
modeling of plastic densification mechanisms, power-law creep and diffusion based on equations found by Arzt et al. 
[Metallurgical Transactions (1983) 14A] was performed. The results show that at high temperatures (T > 0.5Tm, where Tm is the 
melting temperature) and pressures higher than 15 MPa, high relative densities (D > 0.95) can be obtained by power-law creep 
and diffusion mechanisms, the former being more prevalent. HIP diagrams against temperature, pressure and time were plotted to 
describe densification mechanisms and were compared with literature values. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Scientific Committee of SAM– CONAMET 2014. 
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1. Introduction 
Molybdenum (Mo) is a refractory material with great versatility in the aerospace, automotive, thermal and nuclear 
industry. Its mechanical properties, corrosion resistance and thermal properties make it an ideal material for 
situations where work at high temperatures and high ductility is required  
Due to its high melting temperature (2610 °C), the production of parts of Mo has tended to expand in recent 
decades mainly by unconventional manufacturing processes such as formation of metal powders, where long periods 
of temperature holding in sintering processes tend to become expensive and inefficient in mass production. 
Furthermore, the growth of the grain size in the pieces due to holding at high temperatures, surface contamination 
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due to the reaction of Mo to the environment or the mold, and its low applicability to the production of parts with 
special forms has decreased its large-scale application in the industry. 
Moreover, hot isostatic pressing (HIP) is a powder forming process developed in the 50s, in which temperature 
and pressure are applied simultaneously to compacts in certain periods of time, achieving densities close to 100%. At 
first, HIP was developed to improve parts of nuclear reactors and aircraft systems, but eventually it started showing 
great application in the formation of metal powders and improvement of parts obtained by casting and other 
processes. It is for this reason that today HIP is an emerging technology in the processing of high-density powders 
(Atkinson and Davies (2000)). 
Another advantage of HIP is the reduction of production times and the variation of properties in the solid, 
obtaining almost finished parts and parts with complex shapes or small sizes due to its isostatic processing. 
It is noteworthy in this instance that the model used will be validated over similar powder forming processes 
where the application of temperature and pressure is performed simultaneously (Srivatsan et al. (2001), Wiedemann 
et al. (2010), Mouawad et al. (2012)). 
2. Constitutive equations 
The model used is based on the equations derived by Artz et al. (1983) and corrected by Helle et al. (1985), 
where the main mechanisms of densification of the HIP process are described. 
The model is divided into two stages. The first stage is defined as the instance where the pores inside the material 
are interconnected and the relative density is less than 0.9. The second step takes place when the pores have been 
deformed from its initial shape to a tetradecahedron shape, where the pores are encapsulated in its edges, and the 
edges have a spherical shape. This stage is approximated when the relative density is greater than 0.9. 
Furthermore, the model considers three main mechanisms in the densification process of metal powders in a HIP 
process: densification by plastic deformation, densification by power-law creep (PLC), and densification by 
diffusion. 
2.1. Densification by plastic deformation 
The HIP process starts once the metal powders are encapsulated in a metal capsule, it is positioned within a 
pressure vessel and the chamber with gas starts loading (argon is normally used), which rises the pressure inside 
proportionally. Similarly, once the gas charge in the vessel begins, a heat load is applied, allowing the temperature 
of the powders to rise. 
As the pressure increases a rearrangement of the powder occurs instantaneously inside the capsule, and the force 
(exerted by pressure) is transmitted from the walls of the capsule to the powders by the contact points and these, in 
turn, by the same mechanism. When the pressure increases and exceeds the material strength the material 
densification starts due to the plastic deformation that produces indentation between particles and originates 
sintering necks that will be responsible for binding the powders in a single volume. As the deformation increases, 
the contact area between powders also increases and an approach of the centers of the particles is produced, which is 
defined as an increase in the density of the compact (Fig. 1). 
As the contact area of the powder increases the resistance of the material to pressure grows. Therefore, the 
pressure required for further plastic deformation should be greater. It is for this reason that Artz et al. (1983), Helle 
et al. (1985) and Swinkels et al. (1983) modeled this plastic densification mechanism depending on the material 
strength (ıy), the contact area between the particles (described in terms of the initial density, Do) and the pressure in 
the system, P. The following equations show the relationship for the phases 1 and 2 of the process, respectively, 
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Fig. 1. Mechanism of densification by plastic deformation. (Swinkels et al. (1983)). 
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2.2. Densification by power-law creep 
As it was mentioned above, when the contact areas between the particles reaches a size in which the pressure is 
not sufficient to continue deforming the material plastically, a slow flow (creep) in the compact starts to appear as 
product of the system temperature. 
This behavior is defined by the relationship between the deformation rate and the applied Von Mises stress (H
and V , respectively), and the properties of the creep: 0H  (deformation rate), 0V  (yield strength), n (power) defines 
as continuous the plastic deformation in the material and its densification. The relation is given by  
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It is known that the Von Mises stress applied to the material is proportional to the system pressure (Peff) and that 
deformation rate will depend on the speed at which the density of the compact increases. As it was mentioned in the 
previous paragraph, this density is measured by the distance between the centers of the particles and can be 
calculated based on time, thus giving a speed proportional to the Von Mises strain rate. After developing the 
equations regarding the criteria of the elastic and plastic behavior, equations describing their behavior in phases 1 
and 2 are 
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It is noted that the term relating the deformation rates and the stress of Eqs. (4) and (5), is described in terms of 
the motion of dislocations in the material (De), Dorn constant (A), Burgers vector (b), temperature (T), Boltzmann 
constant (k) and the shear modulus at the temperature of the system (ȝ), which is 
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2.3. Densification by diffusion 
The temperature of the system, in parallel way to PLC, originates a diffusion of atoms across the contact areas of 
the surfaces of the particles through the grain boundaries and the network. This mechanism is the same that occurs 
in conventional sintering processes but is enhanced by the application of pressure during the process. 
The densification by diffusion rate during phase 1 of the process is obtained from the volumetric deposition rate 
of material passing through the contact points, which is dependent on the sintering neck and the diffusive properties 
of the material. The relation that governs this process is 
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where į'b is the coefficient of diffusion through the grain thickness, ȡ is the radius of the sintering neck, Dv is the 
volumetric diffusion coefficient, k is the Boltzmann constant, T is the system temperature, R is the particle radius, ȍ 
the atomic volume, and P the pressure of the system. 
During phase 2, the densification rate will be determined by the pore size, r, which is located inside the compact 
and its relationship is  
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3. Calculation 
In order to develop the model, the following initial assumptions were made:  
 
y The powders used have a spherical shape. 
y Size at the interior of the metal capsule will be unique.  
 
Modeled temperatures were 1400, 1600 and 1800 °C, used in traditional sintering processes of Mo and used in 
research with processes similar to HIP, as in the case of Srivatsan et al. (2001), where Mo powders work at 
temperatures of 1600 °C and a pressure of 48 MPa in a plasma pressure compactation (PPC) process. In that work, 
the influence of the current in the final density of the powder was studied, and it was obtained that, despite the fact 
that the use of an electrical pulse on the compacts does not have a great influence, a small variation in the 
temperature of the powders leads to a difference between the micro- and nano-hardness of the materials. 
Wiedemann et al. (2010) worked with powders at temperatures of 1400, 1600, 1800 and 2000 °C at pressures of 29, 
57 and 67 MPa in spark plasma sinterising (SPS) processes, obtaining results regarding the influence of temperature 
and pressure in the Mo powder in the process.  Meanwhile, Mouawad et al. (2012) obtained densities close to 100% 
at temperatures of 1850 °C and 77 MPa with the same process as Wiedemann, and concluded that the process is 
strongly influenced by temperature and holding time. 
In addition to this, system variables are described in Table 1.  
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 Table 1. Properties of Mo. 
Material Properties Unit Value 
Atomic volume  m3 1.53 × 10-29 
Burgers vector m 2.73 × 10-10 
Melting temperature K 2883 
Shear strength, ȝ0 MPa 1.34 × 105 
TmGȝ/ȝ0dTm  - -0.42 
Dorn constant PLC, A - 1 × 108 
Exponential parameter PLC, n - 4.85 
Volumetric diffusion coefficient, Dv m2/s 7.31 × 108 
Activation energy volumetric diffusion, Qv kJ/mol 407 
Edge diffusion coefficient, į'b m3/s 5.5 × 10-14 
Activation energy edge diffusion, Qb kJ/mol 263 
Core diffusion coefficient, Don m4/s 1 × 10-22 
Activation energy core diffusion, Qn kJ/mol 263 
4. Results and Discussion 
Results obtained are observed in Figs. 2 to 5, where diagrams of HIP for Mo at constant temperature and radius 
of 1.5 μm (Figs. 2–4) and 47 μm (Fig. 5). 
 
 
Fig. 2. HIP Diagram for Mo with particle radius of 1.5 μm and temperature of 1400 °C. 
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Fig. 3. HIP Diagram for Mo with particle radius of 1.5 μm and temperature of 1600 °C. 
 
 
Fig. 4. HIP Diagram for Mo with particle radius of 1.5 μm and temperature of 1800 °C. 
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Fig. 5. HIP Diagram for Mo with particle radius of 47 μm and temperature of 1600 °C. 
The results show a significant influence of temperature on the final density of the compact. It is noted that for a 
pressure of 10 MPa, and holding time of two hours, it was found that in Figs. 3 to 5 densities of 0.9, 0.94 and 0.98 
were obtained, respectively. This behavior may be due to two main factors, the first is that the temperature increase 
in the system causes decreased strength of the material and hence the plastic deformation mechanisms (plastic 
deformation and PLC) cause greater influence on the final density. The second factor is related to the diffusion in 
the metal powder, the size of microscopic dust (in this case) generates a great amount of contact points in the 
volume, which are active diffusion paths. The latter, along with the high temperature causes a greater diffusion, and 
consequently a higher density. 
This can be identified by comparing Figs. 3 to 5, where it is seen that with increased particle size, the limit curve 
between the PLC and diffusion is displaced to the left and creep densification takes more importance. 
There are no references about the work of Mo in HIP processes, thus validation of the model is done based on the 
work of Mo in similar processes as the SPS and PPC. By comparing the results, it is observed that the densities 
obtained at temperatures and pressures of Figs. 4 and 5 are very approximate, whereas in the case of Fig. 3 they are 
further from what was obtained. The difference in this case (Fig. 3) is due to the holding time of the temperature, 
holding time process and the difference in the type of load applied to the material.  
In the process used by the authors (SPS) it is possible that, due to the accelerated heating rates used and short 
holding times of the process (3 minutes), the heat concentrate only on the surface of the powder and made a 
difference between the surface and the core temperatures of the powder, where at high temperatures fast surface 
deformations occur raising the relative density of the material. However, the core temperature and the short holding 
time, mechanisms for diffusion and PLC do not have a considerable influence and at the end, homogeneous 
densities are obtained at the surface, and heterogeneous densities are obtained in the core, and as a result, their final 
densities are lower than those obtainable on HIP diagram.  
 For this reason it is suggested that the results obtained are approximations to the reality that would be found 
during an HIP process for Mo, which also allows defining the process parameters for its experimental stage. 
5. Conclusion 
We consider that the results are viable after comparison with other authors. Therefore, the diagrams results can be 
used to define HIP parameters (temperature, pressure and holding time) for Mo processing.  
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We suggest that high densities obtained in the HIP processes take place due to the long holding time, the type of 
load applied and the temperature throughout the volume of the powder, which allow the material to be more 
influenced by the densification by PLC and the diffusion. Furthermore, the size of powder is an important condition 
on the final density due change the mechanisms of densification (small size increases the final density because 
higher the quantities of point for diffusion). 
We consider that the HIP diagrams are a solid fundament to the experimental stage and can be used to evaluate 
the parameters of the process and the relative density on Mo powder for new application. 
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